Abstract-Outage performance of a cognitive multi-relay system using imperfect channel state information (CSI) of interfering links is formulated in this paper. In the considered cognitive system, it is assumed that wireless channels in the secondary network (source-to-relay and relay-to-destination links) experience Rician fading whereas interfering channels between primary and secondary networks undergo Rayleigh fading. Under the assumption of asymmetric fading, an outage probability (OP) expression of the secondary network is approximately formulated. Analytical OP values are in good agreement with related empirical ones in low signal-to-noise ratio (SNR) regimes. As a result, the approximate OP expression can be used to quantify the effect of asymmetric fading channels and CSI imperfection on the performance of cognitive multi-relay systems in practical SNR ranges.
Introduction

O
Ver the last four decades, several multiple access dimensions have been intensively employed in mobile communications systems ranging from the 1st generation using frequency division multiple access to the 4th generation using space division multiple access. For the next generation of mobile communications, it seems that a new multiple access dimension has not been found yet and existing space and frequency dimensions will be exploited in more efficient fashions such as massive multiple-input multiple-output (MIMO) and cognitive radio (CR) transmissions. In the frequency dimension, the CR principle allows secondary networks to access the licensed spectrum of primary networks via an underlay, overlay or interleave protocol [1] . Recently, underlay transmission has been extensively studied in CR communications since it enables secondary and primary networks to simultaneously access the same frequency spectrum [2] . However, the spectral efficiency gain of underlay transmissions comes at the cost of limited transmit powers in secondary networks which in turn reduces transmission distance in secondary networks [2] .
To extend the coverage area of a cognitive underlay system, relay nodes can be used in secondary networks [3] . In cognitive relay systems, [2] - [8] have analyzed the system performance by deriving outage probability expressions under the assumption of having perfect or im- perfect CSI of interfering links between secondary and primary networks. However, most of existing studies in cognitive relay transmissions [2] - [8] have assumed all channel links in their considered systems experience the same fading distribution (i.e., symmetric fading). In wireless signal propagation, transmission links with strong line-of-sight (LoS) signal components likely experience Rician fading while transmission links without LoS signals probably undergo Rayleigh fading [9] . As a result, the assumption of symmetric fading would not be applicable to practical cognitive relay systems with different wireless propagation conditions. Different from [2] - [8] using the symmetric fading assumption, [10] has considered asymmetric fading in cognitive relay systems where transmission links belong to secondary networks undergo Rician fading and interfering links between the secondary and primary networks experience Rayleigh fading. Specifically, [10] has analyzed the outage performance of a secondary network using one relay node under the assumption of having perfect CSI of interfering links between primary and secondary networks. Unlike [10] , this paper considers a more general scenario of having multiple relay nodes in a secondary network of a cognitive underlay system having only imperfect CSI of interfering links. In particular, the outage probability of a cognitive multirelay system over asymmetric fading channels with imperfect CSI is formulated by using an approximate firstorder Marcum Q-function. The derived outage probability expression can be used to evaluate the effects of CSI imperfection and asymmetric fading on the performance of cognitive multi-relay systems.
The remaining parts of this paper are organized as follows. Section 2 formulates the considered cognitive multi-relay system over asymmetric fading channels with imperfect CSI. The outage performance of the considered cognitive multi-relay system is analyzed in Section 3. The analytical and empirical OP results are provided in Section 4. Finally, Section 5 provides some concluding remarks of this paper. In this paper, we consider a multi-relay spectrum sharing cognitive radio system with peak interference power constrains for protecting the primary user, as illustrated Fig. 1 . There is a primary transmiter denoted as PU-Tx and a primary receiver denoted as PU-Rx. The secondary system is a multi-relay system, which consists of one source (s), N relay nodes R = {r 1 , . . . , r N } , one destination (d) with M antennas are used to perform maximal ratio combining (MRC) to improve system performance.
System Model
We denote h sr k and h r k dj as the corresponding channel coefficients for the link from s to relay k and from relay k to the jth antenna of d with k = 1, . . . , N and j = 1, . . . , M , respectively. Here, it is assumed that the channels h AB with A ∈ {s, r k } and B ∈ {r k , d j } follow the Rician distribution. Hence, the channel gains, |h AB | 2 , is a non-central chi-square distributed random variable, described by two parameters: K AB is the ratio between the power in the direct path and the power in other scattered paths and λ AB is the power of the direct path, which acts as a scaling factor to its distribution [11] . The probability density function (PDF) and the cumulative distribution function (CDF) of |h AB | 2 are respectively given by [10] 
and
where I 0 (.) is the modified Bessel function of the first and Q 1 (., .) is the first order Marcum Q-function [12] . We further denote f sp and f r k p as the channel coefficient from s → p and from r k → p are subject to Rayleigh fading. Thus, the channel gains |f sp | 2 and |f r k p | 2 are exponentially distributed random variables (RVs) with parameters β sp and β r k p , respectively. For analysis simplicity, we assume that We have assumed that the transmitter of SUs has perfect CSI knowledge of the related interfering link. However, in practice, there are various causes of difficulty to obtain perfect CSI, such as channel estimation error, mobility and feedback delay. The estimated version of f mathsf Ap , denoted asf mathsf Ap with A ∈ {s, r k }, can be mathematically modeled via f Ap as [13] - [15] 
where ε A is a circular symmetric complex Gaussian random variable with mean zero and variance β Ap . The correlation coefficient ρ ∈ [0, 1] is assumed the same in both hops and which, using the Jakes autocorrelation model, is given by
where J 0 (.) is the Bessel function of the first kind order zero and f d is the maximum Doppler frequency with delay τ d .
In underlay cognitive systems, both primary and secondary networks share the same frequency bands, the interference from the secondary network impinged on the primary network should remain below a predefined peak interference temperature Q. To keep the interference from the secondary network as low as possible, an efficient solution is the back-off transmit power control mechanism, where the transmit power of secondary transmitters are reduced by a back-off efficient, η with 0 ≤ η ≤ 1, i.e.,
For the first hop, partial relay selection is applied, i.e., the relay with largest signal-to-noise ratio (SNR) is selected to decode the received and the forward the reencoded message toward the destination. Let us denote r b as the selected relay, we have
leading to the SNR received at the selected relay, γ 1 , as
with ξ = ηQ and R = {r 1 , . . . , r N }.
In the second hop, the selected relay transmits a reencoded version of the received signal to the destination. After MRC operation, the combiner output SNR at the destination, γ 2 , is formulated as
By defining
we can rewrite (8) and (9), retrospectively, as
Outage Performance Analysis
Outage probability is defined as the probability that the end-to-end SNR, γ e2e ≈ min(γ 1 , γ 2 ), is below a pre-determined threshold, γ th . For decode-and-forward relaying, we have [16] 
where F γ1 (γ th ) and F γ2 (γ th ) are the cumulative distribution functions (CDFs) of γ 1 and γ 2 , respectively.
For F γ1 (γ th ), using the conditional probability, we have
where f Y1 (.) is the PDF of Y 1 . Over Rayleigh fading channels, we have
Replacing (14) v (2) into (13) gives
The exact closed-form expression for the above integral in (15) is not straight-forward. The difficulty arises from the presence of the Marcum Q-function with non-linear arguments in the integrand. To solve this issue, we propose to approximate the First Order Marcum QFunction as [17] 
where µ = 2.174 − 0.592a + 0.593a 2 − 0.092a
Substituting (16) into (15) leads to
where a = √ 2K 1 and φ = 2(1+K1)γ th λ1ξ µ 2 exp(ν).
In [18, Eq. (6. 2)], the extended incomplete Gamma function can be expressed as
resulting in F γ1 (γ th ) being of the form as follows:
Next, we consider F γ2 (γ th ) in (12) , which can be rewritten as
Recalling the PDF of X 2 presented in [19] , namely
where I M is the modified Bessel function of the first kind of order
To calculate the inner integral in (22), we apply the generalized Marcum Q-function [21, Eq. (1)], i.e., 
Substituting (24) and f Y2 (y 2 ) = 
Having F γ1 (γ th ) and F γ2 (γ th ) at hands, the exact closed-form expression for outage probability of the considered CR system can be easily formulated by substituting (19) and (25) into (12). In this section, we present numerical results to validate the analytical expressions derived in Section III with Monte Carlo simulations. Unless otherwise indicated, the simulation settings are determined as follows: γ th = 2 dB, λ 1 = 1 dB, λ 2 = 2 dB, β 1 = 2 dB, β 2 = 3 dB and K 1 = K 2 = K. We consider the scenario, where the channels of the secondary network are subject to Rician fading, whereas the channels of interfering channels are Rayleigh fading. Fig. 2 illustrates the outage performance of the cognitive cooperative dual-hop networks for different of the correlation coefficient, ρ, with K 1 = K 2 = K = 3 dB, η = 1, N = 2, and M = 3 were assumed. It can be observed here that increasing the correlation coefficient ρ leads to increasing performance. We can also observe good agreement between analytically derived and simulated outage probabilities. 4 studies the effect of the back-off efficient (η) and the fading parameters (K 1 = K 2 = K) on the system performance. We can see from this figure that when they take values, i.e., η = 1, K = {0, 3}, the achieved performance is better than the case of (η = 0.6, K = {0, 3}). On the other hand, it is observed that increasing the value of η or/and K leads to decreasing the outage probability (performance improvement).
Numberical Results
Conclusions
In this paper, we investigated the performance of a multi-relay spectrum sharing cognitive radio system. We derived approximate expressions for the outage probability with the desired user channels are Rician distributed and the interferers' channels are Rayleigh distributed. Based on this expression, the outage probability was derived. This result demonstrates that the system exhibits an improved performance in a Rician/Rayleigh environment.
